Microwave-infrared double-resonance spectroscopy has been used to probe the solvation environment and its influence on the rotational relaxation of a cyanoacetylene molecule embedded in a superfluid 4 He nanodroplet. The results support a model in which ͑within any given rotational state͒ the guest molecules are distributed over a set of spectroscopically inequivalent states which are most likely ''particle-in-a-box'' states originating from the confinement of the guest molecule within the droplet. Revisitation of previously collected microwave-microwave double-resonance data suggests that transitions between these states occur at a rate which is comparable to the rotational relaxation rate, but not fast enough as to produce motionally narrowed, homogeneous absorption lines. The relative intensities of the rotational lines in the microwave-infrared double-resonance spectra are observed to depend strongly on the average droplet size. In the large droplet limit we can explain the observed pattern by invoking a ''strong collision'' regime, i.e., one in which the branching ratios of the rotational relaxation do not depend on the initial rotational state. For small droplets we speculate that, because of finite size effects, the density of ͑surface͒ states may become discontinuous, producing deviations from the ''thermal'' behavior of the larger systems.
I. INTRODUCTION
Liquid He nanodroplets have attracted considerable attention in recent years, both as a matrix to produce and study novel chemical species, [1] [2] [3] [4] [5] and as a quantum system with unique properties. [6] [7] [8] [9] [10] [11] [12] [13] Owing to its high resolution, sensitivity, and selectivity, laser spectroscopy has become the tool of choice in this kind of experiment. The first spectroscopic studies in He droplets were carried out using a line-tunable CO 2 laser to vibrationally excite a solvated SF 6 molecule. 14 This study showed that the associated absorption bands were sharp and that molecular complexes could be formed within the droplets by the pick-up of more than one molecule. The application of tunable diode lasers to this system revealed that the associated spectrum could be rotationally resolved, 15 demonstrating that the SF 6 molecule undergoes coherent rotational motion with a dephasing time longer than the rotational period. However, the rotational constant of the solvated molecule is approximately a factor of three smaller than in the gas phase, indicating that the helium contributes to the effective moment of inertia of the system. This study also reported the SF 6 rotational temperature ͑0.37 K͒, thus providing the first experimental determination of the droplet temperature, which was found to be in excellent agreement with theoretical predictions. 16, 17 Infrared ͑IR͒ spectroscopy of OCS in 4 He, 3 He, and mixed droplets 9 has recently provided an elegant demonstration of the superfluid nature of 4 He droplets above a critical size (Ϸ60 atoms͒ and shown that the high resolution that is obtained in 4 He is a consequence of its superfluidity ͑although a different interpretation of this phenomenon has recently been given in the literature 13 
͒.
Spectroscopic investigation of doped He droplets is presently becoming quite diversified. Recent work has focused on ͑1͒ the electronic transitions of atoms, molecules and clusters, 12, [18] [19] [20] ͑2͒ the use of the droplets as an ultracold matrix for the formation of nonequilibrium species, 2, 4 ͑3͒ the quantum properties of the droplets themselves, 7 ͑4͒ the change in moment of inertia undergone by molecules upon solvation, and its microscopic origin, 9, 21 and ͑5͒ the study of the spectral line shapes. [22] [23] [24] [25] In the present study we report on the application of double-resonance spectroscopy to the study of microwave and infrared line shapes for HCCCN ͑cyanoacetylene͒ seeded in He nanodroplets of variable size.
The rovibrational spectral lines of molecules in He droplets are quite narrow ͑typically 10 Ϫ2 cm Ϫ1 ), yet they are 10-100 times broader than the instrumental resolution. Quantitative information on the solvent environment can be extracted from the analysis of the line shapes, provided the source of broadening is understood. Traditionally, spectroscopists divide line shapes into two major, smoothly merging, classes: homogeneous and inhomogeneous. In the first, all of the molecules are in the same environment and the line shape is often Lorentzian, the width reflecting the coherence lifetime of the states under investigation. In the second, the mol- ecules are distributed over a set of states, each giving rise to a slightly different transition frequency. The resulting line profile constitutes an arbitrarily-shaped envelope corresponding to a distribution over much narrower, unresolvable homogeneous lines. 26 The latter class is further divided into two categories, namely static, where each molecule resides in a given state for a time much longer than the time scale of the experiment ͑e.g., different trapping sites in a solid matrix͒, and dynamic, sometimes referred to as spectral diffusion, quasistatic broadening or heterogeneous broadening. 27 In the limit of static inhomogeneous lines, a doubleresonance scheme is highly effective at ''tagging'' molecules in specific substates and one expects to ''burn a hole'' in the inhomogeneous distribution. When homogeneous broadening dominates, as well as in the limit of fast dynamic inhomogeneous broadening, all the molecules can be considered as residing in the same state. In this case ''substate tagging'' is not possible, and the line profiles are the same in the single-and double-resonance experiments. 26 Intermediate cases are ''an immensely complicated question'' 27 and have to be treated individually.
In comparison with a solid matrix, superfluid liquid helium is an extremely homogeneous medium; hence-at least in the bulk limit-it has been widely assumed that one would not observe static inhomogeneous broadening. This has naturally lead to the assumption that the observed linewidths are homogeneously broadened ͑by rotational and vibrational relaxation and/or dephasing͒. 28 Such an assumption may be also partly justified by the success in fitting some of these spectra using Lorentzian line shapes. 15 Although inhomogeneous broadening sources must also exist, in the present context these have yet to be analyzed quantitatively. A detailed theoretical discussion of spectral broadening in He droplets can be found in Ref. 24 , where several sources of inhomogeneous broadening, related to the finite size of the droplets, are discussed.
Recently, purely rotational transitions of cyanoacetylene in 4 He droplets have been detected via microwave ͑MW͒ single-and double-resonance spectroscopies. 29 These studies provided evidence of fast ͑2-20 ns͒ rotational relaxation, while at the same time the saturation behavior of the observed transitions clearly indicated that the MW line profiles were dominated by inhomogeneous broadening mechanisms. On the other hand, the MW-MW double-resonance spectral holes and peaks had widths comparable to those of the single-resonance lines, a situation usually associated with homogeneous broadening. To rationalize these results it was proposed that the inhomogeneous broadening was dynamic, i.e., that there was a faster, rotationally ''elastic,'' relaxation process occurring within the manifold of states that give rise to the inhomogeneous broadening. Such states, which might for example include the ''particle-in-a-box'' levels mentioned below, will be referred to as ''hidden,'' because they are not directly probed by the kind of spectroscopy experiments discussed here. In view of the results obtained in the present experiment and of a more refined model for dynamic broadening, some of the previous ͑yet unpublished͒ data have been revisited and will be presented in Sec. IV.
A recent model for dopant-host interactions in a finite size He droplet 24 shows that the energy gained by solvation of the dopant generates a trapping potential which confines the dopant in the nanodroplet. Quantization of the motion of the molecule within the droplet, in such a potential, gives levels that are spaced by Ϸ0.015 cm Ϫ1 ͑for SF 6 ), implying that at 0.4 K hundreds of states will be populated. These levels, which closely resemble those of a 3-D harmonic oscillator, are referred to as ''particle-in-a-box'' levels to emphasize their origin from the confined translational motion of the impurity. The different solvation energies associated with each ''particle-in-a-box'' state result in a slight frequency spread for the rotational transitions of the guest molecule, thus providing a mechanism for inhomogeneous broadening. For nonspherical molecules, there is an additional contribution to the frequency spread, which is of comparable magnitude, namely, that originating from the orientation-and velocity-dependent hydrodynamic interactions of the molecule with the helium. In particular, for linear polar molecules, theory predicts 24 that the degeneracy over the magnetic quantum number ͑M͒ is partially lifted, giving rise to line splittings. Concurrently, Nauta and Miller have observed line splittings for HCN in 4 He droplets, 22 and were able, by addition of an external Stark field, to correlate the different features of the R͑0͒ line to different values of ͉⌬M ͉. These authors interpreted their findings in terms of the model of Ref. 24 and also showed that a relatively modest field (Ϸ5 kV/cm, i.e., ϷkT/ HCN at 0.4 K͒ can induce line splittings of comparable magnitude to those occurring in the field-free case.
The models proposed in Ref. 24 are to date the only ones that provide a methodology to predict the observed line shapes. However, quantitative agreement with experiments is still lacking, suggesting that important interactions are still missing from the models. Additional experimental data are needed to aid the development of a quantitative theory. Indeed, experimental schemes that simplify the interpretation of the data are clearly needed. With this in mind, we present here a series of microwave-infrared double-resonance ͑MW-IR DR͒ experiments in which the IR probe laser can continuously scan the entire vibrational band, thus probing the entire manifold of rotational states, including those not directly coupled by the MW pump. In principle, absorption of only one IR photon per molecule is necessary to produce a detectable signal ͑as opposed to the multiple absorptionrelaxation cycles in the MW-MW DR experiment 29 ͒, resulting in greater signal to noise ratios and a simplified picture of the interaction of the molecule with the probing radiation. Finally, frequency-dependent, MW-induced noise on the bolometer detector, which has been observed to affect the microwave experiments, can be minimized in MW-IR DR experiments by keeping the MW frequency fixed and scanning the probe laser.
By use of bolometer-detected infrared molecular beam spectroscopy, we have measured the single-resonance IR spectra of the 1 band of cyanoacetylene embedded in helium droplets. Furthermore, in a double-resonance experiment, a MW field has been overlapped to the IR laser, to ''tag'' the HCCCN molecules in specific rotational and ''hidden'' states. A comparison between the spectra obtained in the two experiments provides information on the relative importance of homogeneous and inhomogeneous line broadening for this system; possible candidate mechanisms for broadening are also discussed. Analysis of the observed spectral features as a function of the average droplet size shows that the latter plays an important role in determining the dynamics of rotational relaxation. A qualitative model connecting the rotational relaxation to the bath of surface oscillations of the droplet ͑ripplons͒ is proposed to explain this observation.
Concurrent with the present work, an independent MW-IR DR experiment has been performed on the OCS 3 fundamental transition by Grebenev et al. 30 The two studies reach similar conclusions, though many of the details differ, likely reflecting the different dynamics experienced by the respective molecules in the He droplet.
II. EXPERIMENT
The present experiments were carried out using a helium nanodroplet spectrometer at the University of North Carolina. A detailed description of the apparatus was given previously, 31 so only a brief overview is given here, focusing on the modifications that were necessary to perform the MW-IR DR experiments. A beam of helium droplets was formed by expanding 4 He ͑99.9999% pure͒ from a stagnation pressure of 50 atm, through a 5 m diam nozzle cooled to Ϸ20 K. A skimmer was used to sample the center of the expansion into a second vacuum chamber, where it passed through a 10 cm long pick-up cell, in which a low pressure (Ϸ3ϫ10 Ϫ6 Torr, uncorrected for ionization efficiency͒ of cyanoacetylene was maintained. This pressure was adjusted to maximize the number of singly-doped droplets, by monitoring the laser-induced signals associated with a single molecule solvated in a helium droplet. IR spectra were recorded by exciting the C-H stretching vibration ( 1 band͒ of cyanoacetylene at Ϸ3327 cm Ϫ1 with an F-center laser ͑Bur-leigh FCL-20͒. When an IR photon is absorbed and the resulting vibrational energy relaxes into the helium droplet, the ensuing evaporation of helium (Ϸ600 helium atoms per photon͒ can be detected by a bolometer as a decrease in the droplet beam energy. Control over the average helium droplet size ͗N͘ was achieved by varying the nozzle temperature T n and using the calibration given in the literature. 32 Given that the laser power (Ϸ30 mW͒ is insufficient to saturate the cyanoacetylene transitions, we used multiple crossings between the laser and droplet beam to improve the excitation efficiency. Since the entire laser interaction region needs to be irradiated by a contained MW flux, we placed two gold coated glass slides inside an X-band waveguide ͑facing one another along the short sides͒ to act as a laser multipass cell. A small hole was drilled in the waveguide to admit the laser, as shown in Fig. 1 . The MW radiation ͑typically 100 mW in the frequency range 7-13 GHz, corresponding to a field strength of 0.8 kV/m in the center of the waveguide͒ was generated with a sweeper ͑HP 8350 B͒/amplifier ͑Logi Metrics A310/IJ͒ combination and coupled into the waveguide via a coaxial cable and a modified SMA-to-waveguide adapter. The other end of the waveguide was terminated with a 1/4 in. thick plate of absorbing material ͑Eccosorb MF 124͒ to minimize both the scattering of microwaves into the experimental chamber and their reflection back into the waveguide. Small holes in the two ends of the waveguide allowed the helium droplet beam to pass through the excitation region.
To record the single-resonance IR spectra the laser was amplitude modulated and scanned through the 1 band. The relative frequencies were calibrated using three confocal éta-lons; a wavemeter provided an absolute reference. MW-IR DR spectra were measured by fixing the microwave frequency at 9.08 GHz, corresponding to the Jϭ2→3 transition of ground state cyanoacetylene. The microwaves were amplitude modulated while the cw laser was scanned without modulation. In both cases, the bolometer signals were processed using a phase sensitive detector ͑lock-in͒. As for whether the MW source should be modulated and the IR scanned or vice versa, we found that the mere presence of a MW field ͑leaking out of the waveguide͒ inside the bolometer chamber, induced a signal on the bolometer whose magnitude was strongly frequency dependent. If the MW source is kept at a fixed frequency this disturbance only appears as a constant baseline offset on the measured spectrum, whereas, if the MW source is scanned, this disturbance induces additional features that have to be eliminated by subtraction of a blank scan. For this reason the first scheme was chosen; the resulting spectrum is the DR spectrum riding on top of the constant, pure microwave, background at the frequency of the MW pump. Figure 2 shows the single-resonance 1 IR spectrum of cyanoacetylene, solvated in helium nanodroplets of different sizes. One immediately notices that for small droplet sizes ͑roughly, below 3000 atoms͒ the spectral lines are irregularly shaped, and exhibit distinct structures ͑additional sharp peaks or splittings͒. Qualitatively, similar structures have been predicted in Ref. 24 , and later in this paper we will appeal to these similarities to corroborate some of our conclusions. However, a quantitative analysis would require a detailed treatment of a reasonably parameterized HCCCNdroplet Hamiltonian, which is at present not available. For larger droplet sizes, spectral lines become smoother and better resolved. It is then possible to model their shape with simple empirical functions, facilitating the fitting procedure used to determine the spectroscopic constants. The spectrum obtained at a nozzle temperature of 20 K (͗N͘ Ϸ3500) was chosen for a complete fit. The intensity ͑inte-grated area͒ and position ͑center of gravity͒ of each line are determined by the values of the spectroscopic constants and by the temperature, which, along with the linewidths, are the free parameters of the fit. We found that Lorentzian profiles are well suited to reproduce the shape of all the rotational lines, except for R͑0͒ and P͑1͒ which are visibly asymmetric. To reproduce the shape of the latter two lines, we have tested several simple analytical functions, and found that the most satisfactory is the convolution between a Lorentzian and a half exponential ͓exp(Ϫx/x 0 ) for xϾ0, and 0 otherwise͔, which only adds 1 extra parameter, x 0 . Although our choice is purely empirical, we note that such a line shape is expected if ͑in addition to Lorentzian broadening͒ a line shift mechanism were present such that ͑1͒ the shift is proportional to the thermal energy of the HCCCN molecule, and ͑2͒ the density of states is energy-independent. Similar functional forms for the line shape have been obtained in Ref. 24 by use of models in which a dopant molecule with greater thermal energy approaches more closely the surface of the droplet, undergoing therefore a greater line shift.
III. SINGLE-RESONANCE RESULTS: IR
Typically, the rovibrational spectra of molecules in He droplets 9, 15, 31 indicate that the symmetry of the associated rotational Hamiltonian is the same as for the gas phase molecule ͑for an exception, see Ref. 31͒, and indeed our spectra do not show a Q branch, as expected for a linear rotor in a ⌺ vibronic state. We therefore fit the spectrum to a linearmolecule Hamiltonian, obtaining the parameters given in Table I ͑the simulated spectrum is the solid line through the data in Fig. 3͒ . Analysis of the results confirms the trends previously observed for SF 6 and OCS, 9, 15 namely, ͑1͒ due to the additional inertia of the liquid helium, the rotational constant is a fraction ͑34.6%͒ of that of the gas phase molecule ͑2͒ the wave number shift of the band origin relative to the gas phase is small ͑Ϫ0.279 cm Ϫ1 , the sign indicates a net increase in solvation energy for the excited vibrational state͒; ͑3͒ the distortion constant D JJ is increased by several orders of magnitude; 15, 21, 33 ͑4͒ the rotational temperature of the molecule is almost identical to previously reported values; 9, 15 the slight difference is most likely a reflection of the fact that rotational lines are partially overlapping, so that their relative intensities somewhat depend on the choice of the function modeling the line shape ͑see caption to Table I͒. The fit also provides us with the linewidths ͑FWHM͒, which are plotted against the peak index, m, in the inset of Fig. 3͒ , compared with the corresponding gas phase values ͑Ref. 37͒. Units are MHz unless otherwise indicated. 1 statistical uncertainties are given in parenthesis, based upon rms noise in the baseline. Since the rotational lines partially overlap, the intensity of each peak ͑hence the parameters of the fit͒ might depend on the functional form chosen to model individual peaks, and slightly more conservative uncertainties should be used. Table I . Fig. 3 . One can appreciate the almost perfect symmetry between the P (mϽ0) and R (mϾ0) branches, and the strong dependence on m. It is also interesting that the linewidth decreases with ͉m͉ ͑i.e., with increasing J͒, reaches a minimum at ͉m͉ϭ3 and then starts increasing again ͑unlike the case of OCS, 33 where the linewidth increases monotonically with ͉m͉). While we cannot identify the sources of broadening with certainty, our observations for the single-resonance spectra ͓in particular the asymmetric shape of the R͑0͒ and P͑1͒ lines, and the appearance of sharp features on top of broader peaks observed for small size droplets͔ indicate that broadening must be predominantly inhomogeneous.
Also, in view of the similarity of the line shapes and widths observed in the single-resonance MW and IR spectra, we believe that the same broadening mechanisms dominate in both cases. Hence, we assume that vibrational dephasing and/or relaxation processes, two common causes of homogeneous broadening, do not dominate the overall linewidth, at least for this particular molecule. If the narrowest observed linewidth (Ϸ500 MHz FWHM͒ is used to determine a lower limit to vibrational lifetimes, the latter must be much greater than 0.6 ns.
IV. REVISITATION OF THE MW AND MW-MW DR RESULTS
In the original microwave work, 29 it was proposed that the nature of the inhomogeneous broadening is dynamic, in that, as a result of the random motion of the HCCCN molecule inside the droplet ͑termed ''elastic'' relaxation͒, the frequency associated with a given rotational transition fluctuates at a rate which is faster than that of rotational relaxation. The saturation behavior of the single-resonance MW signal for the R͑4͒ transition was used, together with the conventional formula for static inhomogeneous broadening, to estimate a lower limit for the rotational relaxation time ͑2 ns͒. A comparison of the linewidths for the single-and double-resonance spectra provided an estimate of the ratio of the ''elastic'' to the rotational relaxation times (у10). All of this was based upon a rather crude model: A two-level system described by the rotational relaxation time scale and by the time scale of going in-and out-of-resonance with the MW radiation. Finally, an independent ''pulsed microwave'' experiment provided an upper limit to the rotational relaxation time ͑20 ns͒.
In the course of the present experiment we probed the saturation behavior of the R͑2͒ line of the pure microwave spectrum, and found it to be significantly different from that previously measured for the R͑4͒ line. While trying to interpret these new data, we realized that we needed a model in which the influence of ''elastic'' relaxation on the saturation behavior was properly accounted for, which was not the case for the static formula of Ref. 29 .
The problem of a fluctuating two-level-system coupled to a radiation field has been thoroughly discussed in the literature, and a treatment of general validity is available in the framework of the so called ''sudden modulation theory.'' 34 In particular, we found it possible to express the saturation behavior of both the R͑2͒ and R͑4͒ lines with an analytical formula containing the ''elastic'' relaxation time as a parameter. A complete description of the model, and how it maps onto our system, is given in the Appendix; here we only need to introduce, according to the notation of Ref. 34 , the ''elastic'' ( 0 ) and rotational ͑T 1 ) relaxation times, and the Rabi frequency of the system (). The latter is proportional to the MW electric field, hence to the square root of the MW power, P MW ͓see Eq. ͑A7͔͒.
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Using the present set-up, we measured the single microwave resonance signal, as a function of P MW , for the R͑2͒ transition at 9.08 GHz. We then used Eqs. ͑A2͒-͑A7͒, at zero detuning, to estimate the MW-induced population transfer, which we assumed to be proportional to the singleresonance signal. The same analysis was performed for the data in Fig. 1 of Ref. 29 , which concern the R͑4͒ transition. The experimental data and best fits appear in Fig. 4 . We see that, if the fast modulation condition ( 0 ӶT 1 ) is enforced ͑by setting 0 ϭ0.1 T 1 in the fit͒, the fit poorly reproduces the low behavior of both the R͑2͒ and R͑4͒ lines. The onset of saturation ͑roughly where the curve turns from quadratic to linear͒ occurs at a much higher for the model than for the experimental data. The fit improves, however, if one sets 0 ϷT 1 , or 0 ӷT 1 , with almost no difference between the two cases. At this level of theory and experimental data available, it is not possible to say if modulation occurs on a similar time scale as rotational relaxation ( 0 ϷT 1 ), or if a static picture ( 0 ӷT 1 ) should be adopted. On the other hand, the absence of narrow hole burning in the MW-MW DR Table II. experiment ͑see below͒ rules out the second hypothesis.
In the intermediate condition 0 ϷT 1 a double-resonance line should appear as the superposition of the narrow feature expected in the static case and the broad one expected in the fast modulation case. With this in mind, we reinspected our MW-MW DR data at low power, recovering holes as narrow as Ϸ100 MHz on top of a much broader and more intense line ͑Fig. 5͒. We observe an important difference between ''holes'' ͑produced by depletion of the lower of the two levels coupled by the MW probe field͒ and ''peaks'' ͑produced by population transfer to the higher of the two levels coupled by the MW probe field͒, in that only the former show narrow features, while the latter are always as broad as the corresponding single-resonance peak. In the MW-MW DR scheme there is an inherent difference between ''holes'' and ''peaks'' that can be invoked to explain this different behavior; in the ''hole'' case, the pump and probe fields share the same two manifolds of levels, so, in the static limit, the pump and probe field must be at resonance within the homogeneous linewidth, in order to induce a double-resonance signal. In the ''peak'' case, three manifolds of levels are involved, because only the intermediate one is shared between the probe and pump field. It is then possible that for a given pump frequency there exists a spread of matching probe frequencies, particularly if more than one broadening mechanism is present, as we confirmed by simple simulations, using the classical formulas presented in Ref. 24 .
In summary, based on available data, we are lead to the conclusion that the inhomogeneous broadening of rotational lines of HCCCN in He droplets is dynamic, on a time scale which we tentatively estimate to be similar to that of rotational relaxation. Figure 6 shows an energy level diagram illustrating the principle of the MW-IR DR experiment. The amplitudemodulated, fixed-frequency MW radiation is in resonance with the Jϭ2→3 transition, while the IR laser is tuned through the entire spectrum. In the absence of any relaxation processes, this scheme simply transfers population from J ϭ2 to Jϭ3, which would result in the weakening of the R͑2͒ and P͑2͒ transitions in the IR, and an enhancement of the R͑3͒ and P͑3͒ transitions. Figure 7 shows a series of MW-IR DR spectra, taken at different source temperatures ͑droplet sizes͒, corresponding to the R branch region of the spectrum shown in Fig. 2 . For the large droplets, we observe exactly what is expected, namely the depletion of R͑2͒ and the enhancement of R͑3͒ ͑although not shown, we see the corresponding changes in the P branch͒. For smaller droplets however, the double-resonance signals are observed on all IR transitions. Before discussing this phenomenon, it is interesting to examine the line shapes of the ''normal'' MW-IR DR spectra, which are obtained in the large droplet limit. In these experiments, both the microwave ͑100 mW͒ and the IR power ͑30 mW͒ are sufficiently low to exclude power broadening. Furthermore, in a MW-IR double-resonance experiment, because of the change in vibrational quantum number, three manifolds of ''hidden'' levels are always involved, even when a hole is being detected. Hence, if the argument we gave in the previous section to explain the difference between the width of holes and peaks in the MW-MW DR measurements holds, we expect to observe no such differences in MW-IR DR measurements. We also expect the width and shape of the MW-IR DR lines to be very similar to that of the corresponding peaks in the single-resonance IR spectra. In both cases, our expectations correspond just to what we observe.
V. MW-IR DOUBLE-RESONANCE RESULTS
We return now to the issue of why MW-IR doubleresonance signals are observed on rotational transitions that are not directly pumped by the microwaves, showing that the cyanoacetylene molecules are also undergoing rotational relaxation on the time scale of the experiment. What is most interesting is the fact that these extra signals ͑hereafter referred to as ''relaxation-induced satellites''͒ disappear for larger droplets ͑above Ϸ4000 atoms͒. At first sight, this seems to suggest that, for the larger droplets, the rotational relaxation rate is slow with respect to the time spent in the laser field by the doped droplets (Ϸ0.2 ms͒. However, this is inconsistent with the fact that the molecules are rotationally cold, which means that, even for the larger droplets, there must be rapid rotational relaxation after pick-up. The possibility of detecting pure MW spectra 29 also shows that rapid rotational relaxation occurs in the larger droplets as well. Finally, the detailed analysis carried out in Ref. 29 , and our estimate ͑see Table II͒ , place the time scale for rotational relaxation in the 1-10 ns range. We must then look for a mechanism that, for large droplets, can eliminate the ''relaxation-induced satellites'' in the DR experiment even when rotational relaxation is still occurring. In other words we need to impose that the net rate for population transfer in and out of the rotational levels not directly pumped by the microwaves be zero. This seemingly arbitrary condition is routinely assumed in general relaxation problems ͑not necessarily rotational͒, and is identified by the terms ''noncorrelated,'' 34 or ''strong collision,'' 36 relaxation. The theoretical formalism that describes this ''strong collision'' regime is going to be adapted to our problem in the next section.
VI. RELAXATION-INDUCED SATELLITES IN THE ''STRONG COLLISION'' REGIME
We first define P as the ͑column͒ vector whose components, P J , are the populations of the rotational level with quantum number J. E J are the corresponding level energies, k B is the Boltzmann constant, and M is the rate matrix defined by
With this definition, M J,J Ј is the population transfer rate from level JЈ into level J. A superscript (0) will indicate values at thermal equilibrium, and in the absence of microwaves. We have then
ϭ0. ͑5͒ Equations ͑2͒-͑4͒ originate from the Boltzmann distribution and the detailed balance principle. Equation ͑5͒ corresponds to the equilibrium condition.
When a microwave field coupling Jϭ2 and Jϭ3 is present, a new term k ͑which is a function of MW power and frequency͒, appears in the corresponding elements of the rate matrix, so that
and a new steady state population PϭP "0… ϩ⌬P is established. For the large droplet limit, where we experimentally observe a population transfer from Jϭ2 to Jϭ3 only, we set
͑8͒
By expanding the new equilibrium condition,
"⌬Pϩ⌬M"P ͑9͒ and using Eq. ͑5͒, it is easily seen that for J 2,3, Eq. ͑9͒
, i.e., the population transfer rate into a given level J is the same from JЈϭ2 and from JЈϭ3. Since there is nothing special about the coupling between a given J level and either JЈϭ2 or JЈϭ3 ͑presumably the coupling is unaffected by the presence of a MW field͒, it is reasonable to assume that, in general, the more restrictive condition
holds. With this assumption, algebraic manipulation of Eq. ͑3͒ gives
͑10͒
͓For JϭJЈ, Eq. ͑4͒ still holds.͔ Equation ͑10͒ clearly shows that the rate of population transfer into a given level J is independent of the starting level JЈ and is only dictated by the fact that the final population of the levels must follow a Boltzmann distribution. This demonstrates the equivalence of our initial requirement on population transfer ͓͑Eq. 8͔͒ and the ''strong collision'' condition ͓͑Eq. 10͔͒. The latter is commonly assumed to hold in studies of velocity-changing collisions of atoms ͑see, e.g., Ref. 36͒, from where the term ''strong collision'' was borrowed. The underlying assumption is that a single ''collision'' ͑or better, relaxation event͒ is sufficient to completely ''erase'' the memory of the molecule with regard to its initial ͑rotational, in our case͒ state. Incidentally, Eqs. ͑8͒, and ͑9͒ also hold for the very special case where M "0… ϭ0, namely, when there is no relaxation ͑which we know is not the case here͒.
Assuming the ''strong collision'' mechanism is responsible for the disappearance of the ''relaxation-induced satellites'' in the larger droplets, we must now justify their appearance in the small droplets. In particular, why does the molecule retain memory of its initial state after the relaxing ''collision.'' We must first consider the fact that the energies of the phonons and rotons are much larger than the rotational energy of cyanoacetylene for droplets of all sizes. As a result, dissipation of rotational energy into the bulk modes does not seem possible ͓the lowest such mode in a 10 3 He droplet has been estimated to be 2.6 K ͑Ref. 17͔͒. The implication is that the rotational relaxation of cyanoacetylene cannot create such quanta. In addition, these excitations are not thermally populated, so that the corresponding inelastic scattering is not a viable mechanism for rotational relaxation. We are thus lead to consider the ''heat bath'' associated with surface excitations, known as ripplons, which are much lower in energy ͑0.33 and 0.1 K for a 1000 atoms or 10000 atoms droplet, respectively 17 ͒. While the impurity-ripplon coupling has been estimated to be quite small for a molecule located near the center of an average-sized droplet, its magnitude increases rapidly as the impurity approaches the droplet surface. 24 It is therefore reasonable to propose that rotational relaxation occurs primarily when the impurity molecule ''collides'' with the surface of the droplet. At typical droplet sizes ͑3-5 nm͒ and thermal velocities (ϳ10 m/s͒ the interval between ''collisions'' is of the order of 10 Ϫ9 s.
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Assuming this is the relaxation mechanism, we must now consider why the surface ''collisions'' would be in the ''strong collision'' regime for the larger droplets and not for the smaller ones. It is important to note that one of the requirements for the ''strong collision'' regime is the presence of a ''fully statistical'' heat bath: in other words, the molecule must be able to transfer any given amount of ͑rota-tional͒ energy and angular momentum to the bath with equal probability. Hence the structure of the bath ͑in particular its discreteness͒ must not influence this probability. It is well known that the density of ripplons decreases exponentially with decreasing droplet size, along with a corresponding increase in the level spacing. We therefore postulate that only large droplets provide a sufficiently structureless heat bath to give rise to ''strong collision'' conditions. We note that for the limited droplet size range of these experiments, neither the change in the ''distance of closest approach'' of the molecule to the droplet surface nor the change in the frequency of molecule vibration in the effective potential well are expected to be large enough to explain the qualitative changes with droplet size that are observed.
It is interesting to note that in an independent MW-IR DR experiment performed on OCS in helium by Grebenev et al., 30 ''collisional satellites'' of the type discussed above were also observed, at a much larger droplet size (Ϸ6000͒. Taken together with the present results, this might indicate that the nature of the rotational energy transfer processes depends not only on the properties of the helium droplet, such as the density of ripplons at the surface, but also on the detailed nature of the solute-helium interactions. In the case of cyanoacetylene, the large dipole moment of the impurity likely dominates the interactions and may give rise to the behavior discussed above. The smaller dipole moment of OCS may result in a different rotational relaxation mechanism that depends differently on the droplet size.
With regard to the DR spectra associated with the smaller droplets, it should also be noted that the collisional satellites for Jϭ0 and 1 are both positive. The implication is that collisional transfer into these two states, from the MW pumped Jϭ3 level, dominates over the transfer from these states into the hole in Jϭ2 produced by the MW pumping. It is interesting to note that the long range impurity -helium interactions ͑dipole-induced dipole͒ are dominated by even Legendre terms 24 so that one would predict that ''⌬J ϭeven'' selection rules would apply. Thus depleting the J ϭ2 level by MW pumping would result in a population transfer out of Jϭ0, giving rise to a negative DR signal on the R͑0͒ transition, rather than the enhancement that is observed. It should be noted, however, that this selection rule is not expected to hold when the impurity gets close to the surface of the droplet, which is when the coupling to the ripplons gets largest. If the coupling is nearly ''impulsive,'' i.e., only important when the molecule is very near the surface, then a coupling to the full range of thermally accessible J values could be expected, which is consistent with our observations. Even more curious is the fact that, for the smallest droplets, the positive collisional satellites become even larger than the R͑3͒ signals, the latter arising from direct MW pumping. Unfortunately, a quantitative interpretation based solely on the rates of population transfer is not possible at this point. If population transfer was the sole mechanism responsible for the observed double-resonance spectra, conservation of total population would dictate that the total signal ͑corrected with appropriate Hönl-London factors͒ must sum to zero. Instead we observe that the enhancement summed over all J levels is substantially greater than the deficit in the Jϭ2 level. We do not have a good explanation for this behavior, even though it is observed for a wide range of droplet sizes and is very reproducible. Qualitatively, one could think that the microwave pumping may decrease the size of the droplets, and that this may in turn increase the signal produced by IR absorption. However, a quantitative estimate ͑assuming that the He evaporation is close to thermal͒ give far too small an effect to explain this observation. It is interesting to note that similar effects are observable in the OCS IR-MW DR spectra reported in Ref. 30 .
VII. CONCLUSIONS
The MW-IR DR experiments presented here firmly establish two important facts about the nature of the interactions between a polar, solvated molecule and its helium nanodroplet host. First, the broadening observed in both the pure IR and the MW-IR DR experiments is confirmed to be inhomogeneous. Second, the broadening mechanism is found to be dynamic, meaning that individual molecules explore the states that contribute to the inhomogeneity on a time scale that, in our best estimate, is comparable to that of rotational relaxation. Pump-probe experiments with suitable pulsed lasers and/or microwave sources should be able to provide more stringent estimates for the various relaxation rates. However, the width of these pulses must be carefully controlled to allow a portion of the inhomogeneous distribution to be pumped, yet allow sufficient time resolution so that elastic and inelastic relaxation could be probed.
The present measurements further demonstrate that there is a dramatic change in the nature of the rotational relaxation with droplet size. The results suggest that rotational relaxation occurs via coupling with the ripplons when the cyanoacetylene molecules ''collide'' with the surface of the droplet. In large droplets a ''strong collision'' regime appears to hold, meaning that a single ''collision'' with the surface is sufficient to completely erase all memory of the molecules' previous history. As a consequence, doubleresonance signals are only observed on transitions involving states that are directly pumped by the microwaves. For smaller droplets, the energy transfer rates deviate from this statistical behavior, resulting in double-resonance signals on all transitions. This qualitatively different behavior is rationalized in terms of the density of ripplons at the surface, which increases dramatically with droplet size, thus making energy conservation less of a restriction for the larger droplets, and hence the relaxation process more statistical. While further work will be necessary to fully clarify this difficult problem, the present work provides a relatively solid basis on which to build future efforts.
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APPENDIX: THE SUDDEN MODULATION MODEL
To describe a two-level system, coupled by a radiation field, in a fluctuating environment we will introduce first the model of Ref. 34 and its original notation. Next, we will show how the model maps onto our system. According to the treatment of Ref. 34 the system under investigation is approximated to a two-level system with a time-dependent separation between the two levels, ⑀(t). The following simplifying assumptions are made: ͑1͒ ⑀(t) is characterized by a Gaussian random distribution around a center frequency 0 , with variance ⌬ (FWHMϭ2⌬ͱ2 ln 2Ϸ2⌬) ; ͑2͒ ⑀(t) changes instantaneously ͑sudden modulation͒ at random times separated, on average, by a time interval 0 ; ͑3͒ the new value of ⑀ does not depend on the old one ͑noncorre-lated process͒. Three additional parameters are necessary to complete the model: the population and coherence relaxation times (T 1 and T 2 , respectively͒, and the Rabi frequency of the system (). The presence of a radiation field at a frequency induces a transfer of population between the two levels, such that at steady state the population difference between the two levels is given by
